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ABSTRACT 
RENEW ABLE RESOURCE THERMOPLASTICS 
By Travis Ball 
December 2010 
This thesis is concerned with developing renewable resource thermoplastic 
materials to replace existing non-renewable or possibly hazardous industry standard 
products. 
Cerenol TPU Incorporation 
Dupont has recently developed a renewable source Polyol (Cerenol) which is 
derived from 1,3 propane diol processed from corn feeds. This material, which is a three 
carbon ether repeat unit, is in the pre-commercial stage and is meant to directly compete 
with petroleum based po1yols as a drop-in replacement in thermoplastic polyurethanes. A 
model kinetic study was performed to compare relative reactivity of the Cerenol polyol to 
standard four carbon repeat unit petroleum-based polyol ether (PTMEG). A Mettler 
Toledo real time react-IR was used to monitor the reaction of the difunctional Polyol 
alcohol end groups with phenyl isocyanate, a mono-functional isocyanate with similar 
reactivity to the Methylene dipheynl diisocyante (MDI) used in TPU synthesis. ICiR 
software was used to analyze depletion of the isocyanate peak area from 2325 to 2200 
cm-1• From this, the reactivity constants were determined to be 0.0652 1/M*s for 1,000 
mw Cerenol and 0.0867 1/M*s for 1,000 mw PTMEG. Three different Cerenol-based 
TPUs were synthesized different shore hardness levels and compared to industry standard 
petroleum based polytetramethylene ether glycol (PTMEG) Polyol. The Shore hardness 
ii 
levels (70A, 85A and SOD) were chosen to cover a large range of possible TPU 
applications, from a soft elastic material to a tough rigid material. Mechanical tensile 
testing showed that at all hardness levels the Cerenol-based TPUs reached a higher 
ultimate elongation, while DMA data showed comparable glassy and rubbery modulus 
for all sets of TPUs. These results indicate that the renewable source Cereno1 Polyol 
would be a viable drop-in replacement for petroleum-based Polyols at for a wide range of 
applications without sacrificing overall TPU performance. 
Composite PLA Smoke Grenades 
Cargill has developed a renewable source biodegradable Poly Lactic Acid 
(NatureWorks PLA 2002). This thermoplastic material has been reinforced with 1/32" 
milled glass fiber at various loading levels (0%, 10%, 20%, 30% and 40% glass fiber by 
total weight) by melt blending in a twin screw extruder. This was done in an effort to 
improve the thermo-mechanical properties of the PLA material so it can be used as a drop 
in replacement to metal M-18 smoke grenade canisters. Tensile and flexural data show a 
drastic increase in modulus as the glass content is increased from 0% to 40% with a 
slight drop off in ultimate stress levels (Tensile modulus goes from 28 16.5 to 4 702.16 
MPa, while the Flexural modulus 3455.7 to 6631.2 MPa). Water uptake was performed 
on the composite PLA material and showed that as the % weight of glass fiber increased 
there was an increase in rate of water uptake. This could be due to poor polymer glass 
fiber interface and would lead to a porous material leading to wicking of water along the 
glass fiber. 
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To optimize properties and processing of the biodegradable PLA, a change in the 
canister design was necessary. The canister and lid were designed and optimized with 
Pro-E CAD software into a two-piece construction with a 0.05" nominal wall thickness 
with internal ribs for increased stiffness. The top included molded-in integral threads for 
trigger assembly and molded-in stress concentrators for spin-welding the top and canister 
during final part assembly. The final parts were injected and molded on a Cincinnati 
Milacron at every glass loading level and shipped to Ardec Picatinny for field burn 
testing. 
iv 
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CHAPTER I 
INTRODUCTION/RESEARCH OBJECTIVES 
1 
Petroleum fossil fuel is a fini te resource becoming exhausted by increased 
population and global proliferation of improved living standards leading to amplified 
energy demands during the 2151 Century. Oil pricing is volatile and production is 
convoluted within international socio-political circumstances. The global dependence 
upon petroleum extends beyond energy since petroleum by-products are the basis of other 
fundamental matter, such as basic materials. Synthetic polymers, which are 
predominantly petroleum based, have become a primary choice of material for all major 
market sectors including the packaging, electronics, construction, transportation, and 
medical leading to broad consumer consumption and dependence. Polymers such as 
polyethylene, polypropylene, polyvinylchloride, polystyrene, polyester, nylon and 
polycarbonate are examples of synthetic polymers which are mass produced globally. 
The U.S. Department of Energy estimates approximately 5%, or greater than lMM 
barrels per day of crude petroleum is consumed for non-energy purposes with synthetic 
polymers being the largest non-energy consumer. 1 
2 
Synthetic polymers cause serious pollution and waste stream concerns due to their 
environmental stability, large physical volume and ubiquitous consumption primarily 
associated with consumer packaging. The staggering volumes of plastic waste has 
created a global outcry for resolution and created a substantial dilemma for the industry. 
Since most synthetic polymers are not intended to degrade within reasonable timeframes, 
the post-consumer waste is visible and obvious. Estimates for US consumption exceed 
500,000,000 plastic beverage bottles and 1,000,000,000 plastic bags PER DA Y! 2 For 
these reasons alone, it is imperative for polymer research to focus upon renewable 
resource and biodegradable polymers. 
Figure 1.1. Postconsumer PET bottles (left) and HDPE bags (right)3 
Renewable resource products continue to gain attractiveness to replace products 
traditionally made from petroleum based materials, since fossil fuels are becoming more 
scarce and costly. A renewable resource is a substance of economic value that can be 
replenished at a rate that is equivalent to, or less than, its consumption rate. Some 
renewable resources are in infinite supply such as solar, wind, and geothermal energy, 
while other renewable resources such as wood, leather and corn have a finite time 
dependency for renewal. Renewable resources have become a focal point of the 
environmental movement, both politically and economically. Energy obtained from 
renewable resources is thought to ease the strain created from the limited supply of fossil 
fuels. Our research addresses the development and evaluation of renewable resource 
thermoplastics that can be cost effective and high performing alternatives to their 
traditional petroleum based counterparts. 
3 
Biodegradability is an important advancement for environmentally friendly green 
product design that may or may not be based upon renewable resource chemistry. 
Biodegradability is defined as anything capable of being decomposed by bacteria or other 
biological and environmental means.4 Compostable materials degrade through enzymatic 
processes, hydrolytic degradation occurs via water hydrolysis and photodegradation 
proceeds from UV exposure. In each case, high molecular weight polymers undergo 
scission reactions which decrease molecular weight towards environmentally soluble and 
dispersible particulates. Degradation by-products must be environmentally compatible in 
order to be recognized solutions. The challenge for these materials to be useful in 
consumer applications is to balance the service use and time requirements with 
reasonable degradation kinetics once discarded. In this case, degradation kinetics can be 
"tuned" in an effort to control the rates of mass and property loss.5 The physical 
properties for some common biodegradable polymers are shown in Table 1. 
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Table 1.1. Common Biodegradable Polymers 
Poly(3- Poly(glycolic Poly(£- Poly(D,L- Poly(L-
hydroxy acid) capro lactone) I act ide) lactide) 
butyrate) 
Density 1.20 1.6 1.12 1.27 1.29 
Tg (OC) 
-5 38 -60 55 60 
Tm(C) 170 220 60 180 
Tensile Mod. 1,400 1,000 320 1500 5000 
(MPa) 
Tensi le Str. 25 20 24 45 120 
(MPa) 
Elongation 8 15 500 8 10 
@Break (%) 
Biorenewable yes yes no partially yes 
Poly (lactic acid) (PLA) has gained significant attention and generally recognized 
as the most successful ecologically fri endly synthetic polymer to date. Originally 
developed for use as a degradable suture fiber6, the polymer has gained significant 
recognition in recent years since being produced commercially from biomass.7 PLA is a 
linear polyester chain of lactic acid repeat units synthesized via polycondensation of 
lactic acid, or the ring-opening polymerization (ROP) of lactide. Lactide is the cyclic 
dimer of lactic acid which is produced through fermentation reactions of biomass such as 
corn. 8 Lactide ROP is the most common method for synthesizing PLA and the ring-
opening polymerization of lactide to form poly (lactic acid) is shown in Figure 2. 
5 
0 
0 
0 
0 
0 
Figure 1.2. Ring-opening polymerization of lactide. 
Since lactic acid is a chiral molecule, enantiomers exist for the cycl ic dimer. D-
lactide contains two R-stereocenters, L-lactide contains two S-stereocenters, meso-lactide 
contains one R- and one S-stereocenter. Stereochemistry substantially alters the 
thermomechanical, morphological and degradation behaviors of the polymers. For 
example, polymerization of a 50:50 racemic mixture of the stereoisomers results in an 
atactic amorphous polymer with a Tg around 55°C, while polymers synthesized from the 
pure D- or L-lactide monomers yield isotactic semi-crystalline morphologies with 
relatively high melting temperatures around 180°C (see Table 1). All enantiomeric forms 
of PLA biodegrade and generally undergo a two- step degradation process where 
moisture and heat combine to generate chain scissions through hydrolysis of the polymer 
backbone into low molecular weight oligomer and lactic acid segments. Microorganisms 
in compost and soil (or enzymes in the body) consume the smaJJer polymer fragments 
and lactic acid as nutrients further reducing the byproducts into carbon dioxide and water. 
Since lactic acid is widely found in nature, a broad array of microorganisms is available 
to metabolize it. 
6 
In 1988, Cargill Incorporated began an investigation into lactic acid , lactide, and 
PLA and concluded that although PLA was an interesting material , it was not practical 
with the then-known technology. Consequently, CargilJ began to address the 
manufacturing, melt processing and cost issues, and in 1994 commenced operation of a 
semi-works plant with 4000 metric tons of annual capacity, together with large-scale 
trials on conventional polymer processing equipment. These advancements were made 
possible through continuous processing improvements attributed to Patrick Gruber of 
Cargill through a series of over thirty process patents dating back to the original invention 
awarded in 19929. In 1997, Cargill and The Dow Cherrtical Company formed Cargill 
Dow LLC in order to develop and bring to full commercialization the PLA technology 
and products. Cargill Dow commenced full commercial manufacture of PLA in 2002 
under the trade name of Natureworks. In 2007, Dow exited the venture selling its 50% 
ownership to Teijin of Japan who has subsequently exited the venture in 2009 leaving 
current 100% ownership to Cargill. The 2009 sales for Cargill PLA were reported at 
70,000 metric tons.10 A graphical representation of the Natureworks polymer renewable 
product cycle presented by Cargill is shown in Figure 3. 11 
Figure 1.3. Natureworks PLA renewable resource schematic. 
Since biodegradation has become an important social and commercial 
development, and since the social desire for green product development is rapidly 
proliferating, an entire new market segment has emerged as "green products." As a 
result, it has become important to implement global standards for green products, 
biodegradation, and renewable resource qualification. Regulatory guidelines and 
standards for biodegradable composting standards revolve around four basic criteria: 
7 
Material characteristics, biodegradation, di sintegration, and ecotoxicity. Governing 
bodies which regulate biodegradation are located geographically, and the following 
organizations and regulatory standards are the recognized leaders: Germany - DIN V 
54900-1 , European Union (Norm)- EN 13432, USA- ASTM D 6400, and Japan -
GreenPla. PLA meets the requirements of these four international standards organizations 
as a renewable resource and biodegradable material. 
8 
Although PLA has been the most successful renewable resource and 
biodegradable polymer to date, it should be noted that most major polymer companies 
have been involved in sustainable polymer developments over the last decade. In fact, it 
is relatively safe to assume in 2010 that every major polymer and plastics manufacturer 
has on-going research in the area of green product development and green process 
development as most believe it is imperati ve in order to remain competiti ve throughout 
the 21st Century. Several major global resins suppliers have already introduced 
renewable resource and/or biodegradable materials into the market. Examples for some of 
these polymers are presented in Table 1.2. 
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Table 1.2. Commercial renewable and/or biodegradable polymers 
Polymer Supplier Trade name 
Poly(hydroxybutyrate) Proctor & Gamble Nodax 
Poly(hydroxyvalerate) Proctor & Gamble Nodax 
Poly(hydroxyhexanoate) Proctor & Gamble Nod ax 
Poly(lactic acid) Cargill Nature Works 
Poly(butylene succinate) Showa Bionelle 
Poly( caprolactone) DOW Tone 
Poly( ethylene Terephthalate) DuPont Biomax 
Poly( ester-carbonate) Mitsubishi Gas Chern PEC 
Poly( ester-amide) Bayer BAK 
Aromatic-aliphatic co-polyester BASF EcoFlex 
Poly(butylene succinate) SK Chemicals SkyGreen 
Poly(butylene succinate adipate) SK Chemicals SkyGreen 
Poly(butylene adipate SK Chemicals SkyGreen 
terephthalate) 
A very important advancement in this field over the last two years has been the 
introduction of a new family of high performance bio-based polyols under the trade name 
of Cerenol® from DuPont. Cerenol is not considered biodegradable but is synthesized 
from 100% renewable resource monomers and environmentally friendly synthetic 
techniques. Cerenol is a propane diol derived C-3 polytrimethylene ether glycol 
synthesized from 100% renewable 1,3-propanediol (trade name Sustera®) derived from 
bacterial metabolic processes and corn. Cerenol is a telechelic diol which has low 
viscosity, low melting point, low rate of crystallization and is thermally stable making it 
an ideal building block for polyurethanes (PU). Polyether polyols are an important 
feedstock for PU and generally comprise between 50% and 70% by weight of the 
chemical formulas. Given the large volume of PU consumed globally, and the high 
10 
polyol weight contribution to the PU polymers, the potential for Cerenol to extensively 
contribute to green product development is substantial. A schematic which highlights the 
synthesis of Cerenol is shown in Figure 1.4. 
Bacterial-metabolic process 
Corn Susterra 
Bio-PDO 
Polycondensation 
Figure 1.4. Schematic showing synthesis of Cerenol® from corn 
Research Objectives 
H~ifc'c/c'-..]~H 
Cerenol 
The theme of the presented research is the development and implementation of 
renewable source thermoplastic polymers for industrial based applications, in which we 
demonstrate that these materials are not only environmentally sensible, but also cost 
effective and provide little to no loss of thermo-mechanical properties compared to their 
non-renewable based predecessors. This research is divided into two separate projects 
which are discussed at length below. 
Renewable-Based Thermoplastic Urethanes 
The first project is based on a renewable source polyether polyol, trade name 
Cerenol, which has recently been made commercially available by DuPont. These ether 
based polyols were developed as "drop-in" replacements in thermoplastic polyurethane 
chemistry. The aim of this study is to compare the performance of industrial standard 
petro based polyols (PTMEG) with Cerenol, when incorporated into linear thermoplastic 
11 
polyurethanes. The PTMEG petroleum based polyol is a 4-carbon repeat unit ether, 
while Cerenol is a 3-carbon repeat unit ether. The effect of removal of a single carbon 
from the backbone of the material is not known and could have a large effect on overall 
TPU performance. In order to determine the effects of this backbone change, Cerenol 
will be evaluated and compared to its 4-carbon counterpart in both the neat polyol form, 
and as the reacted in soft segment of thermoplastic polyurethanes. 
Thermoplastic polyurethanes make up one of the largest industrial materi als in the 
world. Today TPUs are found everywhere from engine parts to cushioned seats. They are 
utilized for their wide range of potential visco-elastic properties that can be used through 
a large temperature range. TPUs are dual phase polymers made up of an amorphous 
ether or ester based polyol soft block (SB) in the molecular weight range of 750-3,000 
and a crystalline or semi-crystalline short chain diol (chain extender, CE) and diisocynate 
(such as MDI) hard block (HB). The reaction between the CE and MDI create a urethane 
linkage which hydrogen bond with adjacent linkages and aids in packing of the HB, 
which gives the TPU its high modulus. 12 The SB effectively separates urethane linkages, 
and gives the TPU its elastomeric properties. An overall reaction scheme can be seen in 
Figure 1.2. The visco-elastic properties of the TPU can be fine tuned by the ratio of hard-
block to soft-block. For example a higher modulus material can be obtained by 
increasing the amount of hard-block or decreasing the molecular weight of the polyol. 
By altering the physical properties the material can be designed for specific applications. 
In some applications the SB can account for up to 80% by weight of the entire TPU. 13·14 
By incorporating Cerenol as the soft-block segment the TPU would immediately be 
considered a renewable source pia tic. 
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Figure 1.5. TPU chemistry and the distinction between the hard block and soft block. 
Neat polymer comparisons will be made by investigation of the polyol reaction 
kinetics and solubility. Reaction kinetics play an important role in TPU synthesis as the 
reactivity of the polyol can affect the hard block (HB) formation process. The diblock 
nature of TPUs (hard block/soft block) are what make them unique as the material gets its 
rigidity and chemical resistance from the hard block while receiving its elastomeric 
properties from the soft block. Improper formulation and reaction conditions can inhibit 
HB formation causing the polymer to lose thi s diblock nature. The most common 
technique for HB formation is to pre-react the HB components prior to the addition of 
polyol. This technique ensures that HB components have adequate time to react to form 
low molecular weight HB segments prior to chain extension with the polyol. The extent 
to which one is required to pre-react the HB before adding the polyol is dependent upon 
relative kinetics of the polyol. If the polyol reacts much slower than the HB diol, the 
molecular weight of the HB segment could reach a critical point at which the polymer 
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will become insoluble and precipitate from solution before the polyol is able to fully 
react. On the other hand, if the polyol reacti vity is similar to that of, or higher than, the 
HB diol, chain extension can occur prior to the development of an appropri ate weight 
HB; thereby, diminishing the properties that are gained from the HB segment. Therefore, 
in order to determine if the Cerenol polyols are truly a drop in replacement for PTMEG 
polyols, their reaction kinetics must be compared. This was done using real time FfiR 
spectroscopy to monitor disappearance of the isocyanate peak at 2250 cm-1 . 15 
Another important aspect of TPU chemistry is solubility, the polyol can aid in 
keeping the highly insoluble HB in solution which helps in building polymer molecular 
weight. Solubility of the 3-carbon and 4-carbon ether based polyols will be compared to 
100% HB polymer to determine if there are any advantages in solubility with the 
renewable source polyol (Cerenol). Hansen Solubility Parameters 8d (dispersive), 8p 
(polar), and 8h (hydrogen bonding) will be determined for the three polymers mentioned 
above.16 
The kinetic and solubility data was then used to determine appropriate reaction 
conditions for TPU formulations that optimize thermo-mechanical properties. Three 
different solvent based TPUs with three different modulus ranges were synthesized 
incorporating the Cerenol material as the SB in these TPUs while also making TPUs with 
the same formulation with an industry standard petroleum based polyol (PTMEG) SB. 
Varying the modulus from one formulation to the next is to show how the Cerenol based 
TPU will perform in a wide range of industry applications. Figure 1.5 shows the 
separation of the SB and HB of the TPU and the drop-in replacement of the PTMEG 
polyol with the renewable source Cerenol polyol. 
' 14 
Poly (Lactic Acid)-Based Degradable M-18 Canisters 
In collaboration with Ardec Picatinny Arsenal, a civilian research branch of the 
United States Army, a renewable source biodegradable replacement to the M-18 Smoke 
grenade is being generated. M-18 Metal smoke grenades are multi-colored smoke signals 
used by war fighters to receive aid in battle. Over 500,000 canisters are used in combat 
each year and current M-18 canisters use non-renewable, non-biodegradable material 
casings for internal and external loading and assemblies. The protective coatings and 
surface finishing on the metal casings often contain heavy metals such as lead, cadmium, 
chromium, etc and these materials can leach out into the environment over time. In 
combat areas, metal casings or housings left in the field are frequently used by our 
enemies to repackage into explosive-based improvised explosive devices (IEDs). This 
situation is unacceptable from the view point of both environmental and tactical aspects. 
The Nature Works PLA will be looked at as a drop-in replacement for the metal canisters. 
Strict property minimums must be met by the PLA material for it to be considered 
as a replacement for the metal grenades. This material must function in freezing 
conditions, feel sturdy in the soldier's hand, and absorb impact typical in a soldier' s daily 
routine without yielding. In order to accomplish these requirements the PLA material will 
be reinforced with various loading levels of glass fiber. The PLA will be melt blended 
with glass fiber in a Twin Screw extrusion process. 
The aim of this research is to investigate the use of renewable source, 
biodegradable materials as viable replacements for the metal M-18 Smoke Grenade. The 
material must meet the following guidelines: 
1. Casing materials have a minimal health risk and environmental impact 
2. Casings meet or exceed existing munitions system life-cycle performance 
requirements 
3. Casings are less expensive or comparable to the existing counterparts 
4. Casings are to be a drop-in replacement in the munitions systems 
It was important that we were able to produce these canisters and lids ourselves, 
so once the final product design was chosen, our team worked on injection molding 
design, injection molding tooling, injection molding engineering, and injection molding 
manufacturing requirements to produce biodegradable M-18 Smoke Grenade Canisters. 
The injection molding tooling developed for this project reproduced the final design 
specifications outlined by Figure 5.1. The injection molding tools (Figure 5.2) were 
produced in two separate molds (one for the canister body, and one for the lid). The 
molds were machined from aluminum and designed to run within a Cincinnati Milacron 
80 Ton Injection Molding Press. 
Once the Tooling was in place twenty canisters and lids of each Nature Works 
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PLA 0%, 10%, 20%, 30% and 40% sustainable and biodegradable M-18 Smoke Grenade 
canisters were produced and assembled for burn and ignition testing, accelerated aging 
and environmental degradation data, final prototype optimization and product safety & 
environmental health hazard analysis. 
CHAPTER II 
EXPERIMENTAL 
Materials 
1, 4-Butanediol (99.5%, Aldrich Chemical Company) was used as received. 
1/32" Milled Fiberglass (US Composites) was used as received. 
!-Butanol (HPLC, Fischer Scientific) was used as received. 
1-Butanone (Certified ACS, Aldrich Chemical Company) was used as received. 
2-Propanol (Certified ACS, Aldrich Chemical Company) was used as received. 
4, 4 ' -Methylenebis (phenyl isocyanate) 
Acetone (Certified ACS, Fischer Scientific) was used as received. 
Benzene (99%, Aldrich Chemical Company) was used as received. 
Carbon Tetrachloride (99.9%, Aldrich Chemical Company) was used as received. 
Cerenol (1 , 3-Propanediol homopolymer, H-1 ,000 and H-2,000, Dupont) was used as 
received. 
Chloroform (Certified ACS, Fischer Scientific) was used as received. 
Dibutyltin dilaurate (98%, Aldrich Chemical Company) was used as received. 
Dimethyl Sulfate (99%, Aldrich Chemical Company) was used as received. 
Ethyl Acetate (99.8%, anhydrous, Aldrich Chemical Company) was used as received. 
Ethylene Glycol (Certified ACS, Fischer Scientific) was used as received 
Hexanes (HPLC, Fischer Scientific) was used as received. 
Methanol (HPLC, Fischer Scientific) was used as received. 
N, N-Dimethyformamide (99.8%, anhydrous, Aldrich Chemical Company) was used as 
received. 
Phenyl Isocyanate (99%, Aldrich Chemical Company) was used as received. 
Phosphate Buffer Solution (7.4 pH, 0.05M, Fischer Scientific) was used as received. 
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PLA Polymer 2002D (Nature Works) was used as received. 
Propylene Carbonate (99.5%, Acros Organics) was used as received. 
Terethane 1000 & 2000 (Polyether Glycol, lnvista) was used as received. 
Tetrahydrofuran (HPLC grade, J .T. Baker Company) was freshly distilled before use. 
Toluene (99.8%, anhydrous, Aldrich Chemical Company) was used as received. 
Water (HPLC, Ricca Chemical Company) was used as received. 
Instrumentation 
Differential Scanning Calorimetery 
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Polyols. A TA DSC Q200 instrument was used with heating rates of2, 10, and 
20°C/min with a temperature range from -80 to 250°C. All samples had a mass between 
(3 to 10 mg). The glass transition temperature (Tg) and melt temperature (Tm) were found 
in the second heating cycle while the polymer crystallization temperature (Tc) was found 
in either the cooling or second heating cycle. 
TPUs & Nature Works PLA composites. A TA DSC Q200 instrument was used 
with a heating rate of 20°C/min and a temperature range from -80 to 200°C. All polymers 
were weighed out to be between (3 to 10 mg) and dried over night in a vacuum oven at 
60°C under full vacuum. An initial heating cycle was utilized to anneal the samples and 
remove any thermal history; Crystallization was monitored on the cooling cycle or 
second heating scan depending on the rate of crystallization of each material. The glass 
transition temperature and melting temperature of all materials were reported from the 
second heating cycle. 
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Thermogravometric Analysis 
A T A instrument Q50 TGA was used to find the onset of thermal degradation. 
Each sample (10-30 mg) was dried over night in a vacuum oven at 60 oc under full 
vacuum. The TGA was set to ramp from room temperature (25 °C) to 500 °C at a rate of 
20 °C/min. The weight loss of the material over the temperature range was recorded and 
the onset of thermal degradation temperature is taken at 0.2% weight loss. 
Durometer 
Shore hardness test of all synthesized TPUs were testing using an A or D 
Durometer hand-held scale. Multiple measurements were taken on TPU films with a 
thickness no less than 12.7 mm. Each sample was taken at least 3 mm apart and an 
average value was used. 
Melt Press 
200X250X1 mm samples were melt pressed at 140 oc under 20,000 psi for 20 
minutes in a steel mold. Tensile bars and DMA strips were punch out from the sheets for 
mechanical and thermal analysis. 
Mechanical Testing (MTS)- Tensile Mode 
TPUs. Mini tensile bars were run using a Mechanical Test System (MTS) in 
tensile mode at a rate of 2 em/min on a 100 lbs load cell. When slippage occurred, 
ultimate elongation was reported as the value immediately before slippage. Values were 
reported as an average of three runs. 
NatureWorks PIA composites. 
Injection molded tensile bars were ran on an MTS in tensile mode at a rate of 1 
em/min with a Values were reported as an average of three runs. ASTM number 
Mechanical Testing (MTS)- Flexural Mode 
Nature Works PLA Composites. Injection molded flexural bars were ran on a 
MTS in flexural mode (three point bend test). 
Dynamic Mechanical Analysis 
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TPU. A DMA Q800 instrument was used in tension mode with the heating rate of 
2 °C/ min and a Frequency of 1.0 Hz at a temperature range of -80 to 180 °C. Each 
polymer was ran a minimum of three times with an average value being reported. All 
materials were dried over night in vacuum oven at 60 oc prior to testing. 
Nature Works PLA Composites. A DMA Q800 instrument was used in tension 
mode with the heating rate of 5° C/ min and a Frequency of 0.05 Hz through a 
temperature range of -90 to 150 oc. Each polymer was run a minimum of three times 
with an average value reported. 
Gel Permeation Chromatography (GPC) 
THF System GPC consists of a Waters Alliance 2695 Separations Module, an on-
line multiangle laser light scattering (MALLS) detector (MiniDA WN™, Wyatt 
Technology Inc.) operating at 60mV and at a wavelength of 658nm, an interferometric 
refractometer (Optilab rEX™, Wyatt Technology Inc.) operating at a wavelength of 658 
nm and at a temperature of 35 °C, an on-line differential viscometer (ViscoStar™, Wyatt 
Technology, Inc.) with a delay reservoir of 15ml and operating at a temperature of 35 °C, 
and either two mixed E (3 Jlm beadsize) PL gel (Polymer Laboratories Inc.) GPC 
columns connected in series or two mixed D (5 Jlm beadsize) PL gel (Polymer 
Laboratories Inc.) GPC columns connected in series, heated to 35°C (the low and high 
20 
columns, respectively). Freshly distilled THF served as the mobile phase at a flow rate of 
1.0 ml/min. Sample concentrations were 5-20mg/ml in freshly distilled THF, with an 
injection volume of 100 .ul. The detector signals were recorded using ASTRA TM software 
(Wyatt Technology Inc.) and molecular weights were determined using dn/dc calculated 
from the refractive index detector response and assuming 100% mass recovery from the 
columns. 
DMF System GPC consists of a Waters Alliance 2695 Separations Module, an 
on-line multiang1e laser light scattering (MALLS) detector (MiniDAWN™, Wyatt 
Technology Inc.) operating at 60mV and at a wavelength of 658nm, an interferometric 
refractometer (Opti1ab DSP™, Wyatt Technology Inc.) operating at a wavelength of 690 
nm and at a temperature of 65°C, and two mixed D (5 .urn beadsize) PL gel (Polymer 
Laboratories Inc.) GPC columns connected in series, heated to 65°C. Chromatography 
grade DMF served as the mobile phase at a flow rate of 0.5 ml/min. Sample 
concentrations were 5-20mg/ml in DMF, with an injection volume of 100 .ul. The 
detector signals were recorded using ASTRATM software (Wyatt Technology Inc. ) and 
molecular weights were determined using dnldc calculated from the refractive index 
detector response and assuming 100% mass recovery from the columns. 
Inert-Atmosphere Glove-box 
Kinetic Real-Time ATR-FTIR studies were performed within a MBraun 
Labamaster 20G glove-box (MBraun, Newburyport, MA), equipped with a H20/02 gas 
purification system, a solvent vapor removal system, an oxygen/moisture analyzer, and a 
high temperature silicone oil bath, heated by a High Temperature Re-circulating Heating 
System (Applied Integrated Systems, Livermore, CA). 
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Real-Time ATR-FTIR Spectrometer 
ReactiR spectra and analys is were collected using a Mettler Toledo ReactiR 45M 
equipped with a fiber optic probe and silicon probe tip. Analysis of spectra was 
performed using ICiR software version 4.2. This software allows for trend analysis as 
well as temperature monitoring. The ConciRt feature analyzed each sample for trends 
and identified products based on user defined barriers for time of analysis and 
wavelengths. Trends were also created based on peak locations of isocyanate and 
urethane specific peaks at 2250 cm·1 and 2340 cm·1, respectively. The results are used in 
kinetic observations as well as determination of complete conversion of isocyanate 
species. 
Synthesis 
Model Kinetic Study of Polyols 
The relative reactivity of the renewable source Cerenol Polyol (1,000 mw) was 
compared to that of petroleum based PTMEG polyol ( 1,000 mw) with a mono-functional 
isocyanate in Toluene and DBTDL catalyst with a 1: 1 [NCO]/[OH] molar ratio (Table 
2. 1). Phenyl Isocyanate was chosen because it closely resembles the difunctional MDI 
used in the TPU reactions; this will ensure similar reactivity from the model kinetic study 
and that of the actual polymerization. All reactions were run in a dry box to reduce side 
reactions due to moisture. The Polyols were weighed out and added to a 250 ml 3-neck 
45/20 round bottom flask and placed in the oil bath set inside of the glove box at 50°C. 
The solvent (toluene) was then added to the round bottom, and overhead stirrer was then 
lowered into the flask and turned on low. Phenyl Isocyanate was added with a 10 ml 
syringe along with the DBTDL catalyst with a 1 ml syringe on an analytical scale. The 
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react-IR silicon probe was then added to the reaction vessel in the side neck; and a 
background scan was taken. The mono-functional isocyanate was then added to the 
reaction and allowed to equilibrate in solution. The Isocyanate peak area was monitored 
and once it had reached a maximum and leveled off, the DBTDL catalyst was added to 
the round bottom marking the beginning of the reaction. The isocyanate peak area reduce 
throughout the reaction until it disappeared completely, marking the end of the reaction. 
Polyol for Kinetic Model Study 
(MW) 
Cerenol (1,000) 
PTMEG (1,000) 
PTMEG (1,000) 
Pol yo I 
(g) 
12.0 
12.0 
12.0 
Table 2.1 
Phe nyl Isocyanate 
(g) 
2.858 
2.858 
2.858 
Wet Chemistry TPU Synthesis (Cerenol and PTMEG Based) 
Dibutyltin Dilaurate 
(PPM of Tin) 
300 
300 
0 
Wet Chemistry reactions were carried out in 3-neck round bottom flasks under 
nitrogen atmosphere. MDI was weighed and added to the reaction vessel, followed by 
the solvent, Toluene. The solution was heated to 40°C and mixed with an overhead 
mechanical stirrer at 200 rpms. Once the temperature had equilibrated the polyol and 
catalyst, DBTDL were charged to the vessel. This mixture that makes up the crystalline 
hard block was allowed to react for 40 seconds before the Polyol was added. The 
reaction is performed in these steps to ensure sufficient hard block formation. The 
reaction is then held at 40°C until significant precipitation is observed. Next, a 
condensing column was added to the reaction vessel and the TPU was refluxed in boiling 
DMF at 158°C. Once the TPU is fully dissolved, it was poured out into a Teflon coated 
evaporation dish and covered with aluminum foil and dried for 2 weeks in ambient 
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conditions followed by 12 hours in a vacuum oven at 50°C to remove any residual 
solvent. 
Wet Chemistry Synthesis of 100% Hard Block 
The wet chemistry reaction of a 100% hard block TPU was carried out in a 250 
m1 3-neck round bottom flask under nitrogen atmosphere. MDI was added to the flask 
and dissolved with Toluene and the solution was heated to 40°C in an oil bath. Nitrogen 
is then added to the reaction vessel and the solid MDI is given time to dissolve. The 
short chain diol or chain extender ( I ,4 Butane Diol) and the catalyst (DBTDL) are 
weighed out using 5 m1 and 1 m1 syringes, respectively. Table 2.2 outlines components 
and masses for each formulation. The two materials were then charged into the reaction 
vessel to begin the reaction. Once the reaction is complete the material will crash out of 
solution because of high molecular weight and lack of solubility of HB in Toluene. A 
condensing column was then connected to the round bottom flask and the material was 
refluxed in boiling DMF at 158°C. Once the HB was fully dissolved, it was poured into a 
Teflon lined evaporation dish and covered with aluminum foil stored in under a hood for 
two weeks. Once the material is mostly dried it was placed in a vacuum oven at 50°C 
under full vacuum and allowed to set until it was completely dried, which was 
determined when the material reached a constant weight over a 24 hour period. 
Table 2.2 
TPU Name MDI Butane Diol Cerenol Terethane DBTDL 
(g) (g) (g, MW) (g, MW) (PPM) 
C-70A 10.547 1.748 40 (2,000) X 300 
C-8SA 20.11 3 3.496 40 ( 1,000) X 300 
C-SOD 23.73 1 6 .125 25 ( 1,000) X 300 
T-70A 10.547 1.748 X 40 (2,000) 300 
T-8SA 20.11 3 3.496 X 40 ( 1,000) 300 
T-SOD 23.73 1 6. 125 X 25 ( 1,000) 300 
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Hansen Solubility Parameters Experimental 
Both the 1,000 and 2,000 mw Cerenol and PTMEG polyols along with a 100% 
HB polymer were exposed to all seventeen solvents to determine solubility. Each 
material was weighed out to 5 grams and placed into individual centilation viles with 20 
ml of each solvent and capped shut. The solution was allowed to sit at room temperature 
for forty-eight hours before determining if the Polyol was soluble in each solvent. 
MatLab software was then used to calculate the Hansen solubility parameters of all 
Polyols from the existing solubility parameters of each solvent and miscibility. 
Melt Blending 
A Prism 16E Twin Screw Extruder (TSE) equipped with a pig tail feeder was 
utilized to compound the renewable source Nature Works PLA with 1/32" Milled Glass 
Fibers at various loading levels. The two materials were weighed out (Table 2.3), mixed 
and dried over night at 80°C under vacuum. The TSE's heating zones were set (Table 
2.4), allowed to equilibrate and the barrel was purged with poly ethylene. The mixed 
material was then loaded into the feeder for blending. Once compounded the extruded 
material was fed directly into a water bath, pelletized and dried overnight at 60°C. Upon 
dried, the material was stored in a polyethylene container to keep moisture exposure to a 
mmtmum. 
Blend 
PLA-0% GF 
PLA-10% GF 
PLA-20% GF 
PLA-30% GF 
PLA-40% GF 
Zone 1: feed 
coq 
180 190 200 
Water Uptake and Weight Loss 
Table 2.3 
PLA 
(lbs) 
12.0 
10.8 
9.6 
8.4 
7.2 
Table 2.4 
190 
1/32" Milled Glass Fiber 
(lbs) 
0.0 
1.2 
2.4 
3.6 
4.8 
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Zone 5: Die Screw Speed Feeding Rate 
( 0 C) RPM 
180 I 00 210-220 
The Nature Works PLA material is said to be Compostable in a two step process , 
the first of which is breaking of chains through hydrolysis. This study is to find out if 
PLA can undergo this hydrolysis without the presence of enzymes. The PLA composite 
materials were submerged in a 7.4 pH, 0.05 M phosphate-buffered aqueous solution. 
Sample discs (diameter= 2.54 em, thickness = 1 mm) were punched out of melt pressed 
sheets, and each disc's mass was weight out to the nearest 0.1 mg. Then each disc was 
submerged in 100 ml of the buffered solution contained in a 125 ml glass jar with Teflon 
fitted top. The individual jars were placed in a Fischer Scientific Model incubator at 
37°C. Each sample was removed at a predetermined time, patted dry and hydrated mass 
(Mh) was measured. The samples were set onto evaporation dishes and placed in a 
vacuum oven set at 40°C and dried for up to two weeks. The sample was removed and 
weighed periodically until it reached a constant dried mass (Md) for 72 consecutive hours. 
Calculations of % water uptake and remaining mass % are: 
% Water Uptake= (Mh- Mi)/Mi * 100% 
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Remaining Mass % = (Md/Mi) * 100% 
Injection Molding of M-18 Smoke Grenade Canisters and Lids 
Table 2.5: Injection Molding Conditions for M-18 Canisters 
Material 0% glass 10% glass 20% glass 30% glass 40% glass 
Part Canister Canister Canister Canister Canister 
Tra nsfer Position 0.33 0.35 0.35 0.35 0.3 
Shot Size 1. 18 1. 15 1. 12 1.05 1.3 
Fill Time 0.52 0.52 0.47 0.52 0.67 
Cushion 0.19 0.0 1 0.06 0. 12 0.18 
Injection Pressure 1700 1700 1900 1250 2200 
Packing Time 875 I 10 900 I 10 1000 I 10 600 I 10 1600110 
Velocity 5 5 5 5 5 
Cooling Time 70 50 50 80 70 
Nozzle 390 390 390 390 390 
Temperature 
Metering Zone 400 400 400 400 400 
Compression Zone 400 400 400 390 400 
Feed Zone 375 375 375 380 375 
Dr~ing Conditions 140 I 3 140 I 3 140 I 3 130 I 3 140 I 3 
Table 2.6: Injection Moldin~ Conditions for M-1 8 ComEosite ToEs 
Material 0% ~lass 10% ~lass 20% ~lass 30% ~lass 40% ~lass 
Par t Top Top Top Top Top 
Xfer Position 0.26 0.31 0.39 0.3 0.33 
Shot Size 0.73 0.74 0.82 0.75 0.83 
Fill Time 0.65 0.52 0.45 0.9 0.42 
Cushion 0. 15 0. 15 0. 15 0. 18 0.08 
Injection Pressure 800 950 1050 600 11 00 
Packing Pressure 450 I 15 500 I 15 550 I 15 300 I 10 550 I 15 
Time 
Velocity 5 5 5 5 5 
Cooling Time 40 40 40 40 40 
Cycle Time 
Nozzle Temperature 390 390 390 390 390 
Metering Zone 400 400 400 400 400 
Compression Zone 400 400 400 390 400 
Feed Zone 375 375 375 380 375 
Dr~ing Conditions 140 I 3 140 I 3 140 I 3 130 I 3 140 I 3 
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CHAPTER III 
CERENOL AS A RENEW ABLE SOURCE ALTERNATIVE FOR INCORPORATION 
INTO SOFf BLOCK OF LINEAR THERMOPLASTIC POLYURETHANES 
Objective 
Going green and reducing carbon footprints has become a major driving force for 
recent research. With millions of pounds of TPUs being produced every year, 
incorporation of renewable components into these materials can significantly reduce the 
carbon footprint of the TPU industry. Cerenol, a renewable source polyol , was 
developed to directly replace petroleum based polyols (PTMEG) in TPU formulations. 
However, there is limited knowledge defining the effect this new materials will have on 
ultimate mechanical and thermal properties. This research is focused on determining the 
applicability of replacing current petroleum based chemicals with the renewable polyol , 
Cerenol investigating both reaction conditions and final mechanical properties. 
The first half of this study will focus on virgin property differences arising from 
the inherent differences between a polytrimethylene ether glycol (Cerenol) and 
polytetramethylene ether glycol (PTMEG). PTMEG is a 4-carbon repeat unit ether, 
while the Cerenol is a3-carbon repeat unit ether. The effects of this structural difference 
on reaction kinetics and solubility will be investigated. The second half of the study 
will implement Cerenol as the soft-block segment of a TPU and compare it to identical 
formulations using PTMEG. Comparisons will include mechanical , thermal and hardness 
and conclusions will be made. 
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Results/Discussion 
Gel Permeation Chromatography of Polyols 
TPU properties are dependent on the ratio of hard block to soft block therefore it 
is important to know the exact molecular weight of each component. Soft-block 
molecular weight was calculated by GPC in THF. Figure 3.1 shows the differential 
refractive index peak for the 1,000 and 2,000 m/w Cerenol and PTMEG. In both cases the 
Cerenol polyol is higher than their reported values, and higher than the PTMEG 
alternatives. If a formulation is based on the reported molecular weights of the Polyols, 
the Cerenol based polymer will contain a higher percentage of polyol and could lead to a 
lower shore hardness and higher ultimate elongation. It is also interesting to note that as 
the PTMEG dn/dc value increases from 1 ,000 to 2,000 mw while the Cerenol dn/dc 
values stay constant (Table 3. 1). 
Cerenol Vs. Terethane 
1 
0.75 
0. 5 - C-1K 
- T-11( 
0.25 - C-2K 
- T-21( 
0 
8 10 12 l.t 16 18 
Elution Time [min.) 
Figure 3.1. Differential Refractive Index (dRI) change in elution time with varying 
molecular weight of the polyols. 
Table 3. 1 
Polyol (reported MW) Dn/dc Mn Mw/Mn 
Cerenol (1,000) 0.061 1,367 1.315 
PTMEG (1,000) 0 .065 1,044 1.463 
Cerenol (2,000) 0.061 2,300 1.567 
PTMEG (2,000) 0.069 2,2 17 1.482 
DSC of Polyols 
Differential Scanning Calorimetry was performed on both the renewable source 
Cerenol and PTMEG at varying heating rates (20, 10 & 2°C/min) to investigate rates of 
crystallization. Figures 3.2-3.9 show DSC traces for the crystallization behavior of 
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Cerenol and PTMEG. Cerenol crystallizes at a much slower rate than PTMEG due to the 
shorter aliphatic segment between ether linkages. The higher heating rate curves (20 & 
l0°C/min) show that the 1,000 rn/w Cerenol is not able to crystallize in the cooling cycle, 
instead crystallization peaks are seen in the 2"d heating cycle around -35°C. Slower 
30 
heating/cooling (2°C/min) rates allow for crystallization in the cooling cycle due to 
increased time for relaxation and equilibration shown by the exothermic peak at -30°C, 
however additional crystallization is observed in the subsequent heating cycle indicating 
a slow overall crystallization rates . In the 2,000 m/w Cerenol, crystallization occurs 
faster and a single peak is observed in the cooling cycle for the slow heating/cooling rate. 
Unlike the 1,000 m/w sample, the 2,000 m/w sample crystallizes fast enough to allow for 
complete crystallization in the cooling cycle as no crystallization peak is observed in the 
heating cycle (Figure 3.5). Trends between the two samples were equivalent at the 
higher heating rates. Based on these results it appears that the rate of crystallization of 
the Cerenol polymer is dependent upon molecular weight as the higher molecular weight 
chains aid in polymer packing. 
PTMEG 1,000 and 2,000 mw polyols both show crystallization in the Cooling 
cycle at 0°C for all rates of heating (Figures 3.6 & 3.8) indicating a higher rate of 
crystallization as compared to Cerenol. This is due to PTMEG containing an extra 
carbon in its backbone which leads to better stacking of polymer chains and higher 
crystallization temperature (°C compared to -35°C). 
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Figure 3.2. 1,000 mw Cerenol cooling cycle. 
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Figure 3.3. 1,000 mw Cerenol 2"d heating cycle. 
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Figure 3.4. 2,000 mw Cerenol cooling cycle. 
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Figure 3.5. 2,000 mw Cerenol 2"d heating cycle showing crystallization and melting. 
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Figure 3. 7. 1,000 mw Terethane 2"d heating cycle. 
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Figure 3.9. 2,000 mw Terethane 2"d Heating Cycle. 
Model Kinetic Study 
Reaction kinetics was monitored using the real time react IR. Relati ve reaction 
rate constants were determined for both polyols in order to directly compare the reaction 
rates. Phenyl isocyanate, a mono-functional isocyanate with similar molecular structure 
and reactivity to the MDI, was used for this model study. The depletion of the NCO peak 
area was recorded with the change in time. The resulting data was fitted to differing rate 
order Jaws to find which reaction orders the reactions best fit. The kinetic data for both 
Polyols was plotted as a zero, first, second, & 1.5 order in an effort to find which rate law 
each polyol' s kinetics followed linearly. It was shown that the Cerenol and PTMEG do 
not follow the same rate order equations. The Cerenol based kinetic run followed a 2"d 
order rate Jaw (figure 3. 12) while the PTMEG polyol follows a 1.5 order rate Jaw for their 
respecti ve reactions. 
The reaction rate constants were found from the slope of the line that the reactions 
best fit linearly. For the Cerenol Polyol the 2"d order rate plot of 1/[A] vs. time best fits 
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the reaction kinetics data giving an R2 value of 0.9854 for a best fit linear line. Where the 
PTMEG polyol does not fit the 2nd order rate law linearly, the R2 of the best fit linear line 
of this data is 0.9111. When the Terethane reaction kinetics was plotted as a 1.5 order 
rate the best fit linear line gave an R2 0.9863, verifying that the Terethane reaction best 
fits a 1.5 order rate law. The rate constants for the model reactions were calculated to be 
0.0652 1/M*s for the Cerenol run and 0.0867 1/M*s for the PTMEG kinetic study. 
The fact that these two polyols follow different rate laws, while being so similar 
in repeat unit structure, further investigation was necessary so another reaction was ran 
with the PTMEG 1K with the phenyl isocyanate without the presence of catalyst. This 
reaction followed the same conditions as the previous reactions with the only difference 
being no DBTDL catalyst was added. It was found that the coupling reaction between 
PTMEG and Phenyl Isocyanate does not need catalyst to react. The reaction went to 
completion in 316 minutes or a little over five hours. This kinetic data was then plotted 
with different rate equations and it was found that it follows 1st order rate kinetics. The 
fact that the reaction that did include catalyst followed 1.5 order kinetics and the fact that 
without catalyst the reaction runs with 1st order kinetics shows that there are competing 
reactions that are taking place when PTMEG is reacted with Phenyl Isocyanate with the 
presence of a DBTDL catalyst. As shown with the Cerenol reaction with Phenyl 
Isocyanate, which followed 2nd order kinetics with the aid of the DBTDL catalyst. The 
DBTDL catalyst in the PTMEG and Phenyl Isocyanate reaction forms urethane linkages 
with 2nd order kinetics, while the uncatalyzed PTMEG and Phenyl Isocyanate reaction 
forms urethane linkages with 1st order kinetics. Thus there are two competing kinetic 
reactions that make a composite 1.5 order overall kinetic reaction. 
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1/[A] = 1/[A]o + kt 
Integrated 2"d Order Rate Law (Cerenol, Phenyl Isocyanate, and DBTDL) 
l/[A]0·5 = 1/[A]0°·5 + 0.5kt 
Integrated 1.5 Order Rate Law (PTMEG, Phenyl Isocyanate, and DBTDL) 
Integrated l st Order Rate Law (PTMEG, Phenyl Isocyanate un-catalyzed) 
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Figure 3.10 Cerenol 1,000 kinetic data plotted as a Zero Order rate law ([A] vs. Time). 
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Figure 3.11. Cerenol 1,000 kinetic data plotted as a 151 order rate law (In ([A]) vs. Time). 
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Figure 3.12. Cerenol 1,000 kinetic data plotted as a 2"d Order rate law (1 /[A] vs. Time) 
with a linear best fit line. 
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Figure 3.13. Cerenol 1,000 kinetic data plotted as a 1.5 order rate Jaw (1/[A]0·5 vs. Time) 
with a linear best fit line. 
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Figure 3.14. PTMEG (catalyzed) 1,000 Kinetic data plotted as a Zero Order rate law ([A] 
vs. Time). 
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Figure 3.15. PTMEG 1,000 (catalyzed) kinetic data plotted as a !51 order rate law (Jn 
([A]) vs. Time). 
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Figure 3.16. PTMEG 1,000 (catalyzed) kinetic data plotted as a 2"d order rate law (1/[A] 
vs. Time) with a best fit linear curve. 
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Figure 3.17. PTMEG 1,000 (catalyzed) kinetic data plotted as a 1.5 order rate equation 
(l/[A]0·5 vs. Time) with a best fit linear curve. 
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Figure 3.18. PTMEG 1,000 (uncatalyzed) kinetic data plotted as a zero order rate 
equation ([A] vs. Time). 
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Figure 3.19. PTMEG 1,000 (uncataJyzed) kinetic data plotted as a 1st order rate equation 
(Jn [A] vs. Time) with a best fit linear curve. 
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Figure 3.20. PTMEG 1,000 (uncataJyzed) kinetic data plotted as a 1.5 order rate equation 
(li[A]0·5 vs. Time) with a best fit linear curve. 
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Figure 3.21. PTMEG 1,000 (uncatalyzed) kinetic data plotted as a 2nd order rate 
equation ( 1/[A] vs. Time) with a best fit linear curve. 
Hansen Solubility Parameters 
A Hansen type solubility test was performed in an attempt to find any differences 
in cohesive energy between the two polyols. The complete li st of solvents and their 
solubility parameters can be found in Table 3.2. Using MatLab the Hansen solubility 
parameters were calculated for all polyols (Table 3.3). No differences in solubility 
between Cerenol and PTMEG at the same molecular weight were found. The 1,000 mw 
polyols have a dispersion force (od) of 12.3680, permanent dipole-permanent dipole (cSp) 
of 4.4438, hydrogen bonding (cSH) of 11 .8027 and an overall cohesive energy of 16.2398. 
The 2,000 mw Cerenol and PTMEG also exhibit identical Hansen solubility 's with a 
dispersion force ( od) of 15.8000, permanent dipole-permanent dipole ( cSp) of 4.6311 , 
hydrogen bonding (cSH) of 11.9755 and overall cohesive energy of 12.9558. The 100% 
Hard Block (MDI-BD) polymer Hansen solubility parameters were also calculated giving 
od of 21.0725, Op of 9.4420, cSH of 12.0991 and an overall cohesive energy of 9. 1131. 
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Table 3.2 
Solvent od Op OH C- IK T- IK C-2K T-2K HB 
DMF 17.4 13.7 11.3 I I I I I 
DMSO 18.4 16.4 10.2 0 0 0 0 I 
THF 16.8 5.7 8.0 I I I I 0 
MEK 16.0 9.0 5. 1 I I I I 0 
Acetone 15.5 10.4 7.0 I I I I 0 
Propylene Carbonate 20.0 18.0 4. 1 0 0 0 0 0 
Chloroform 17.8 3. 1 5.7 I I I I 0 
!-Butanol 16.0 5.7 15.8 I I 0 
Toluene 18.0 1.4 2.0 0 
Benzene 18.4 0.0 2.0 0 
Carbon Tetrachloride 17.8 0.0 0.6 I I I 0 
Methanol 15. 1 12.3 22.3 I I I I 0 
Hexane 14.9 0.0 0.0 I I 0 0 0 
Ethylene Glycol 17.0 11.0 26.0 0 0 0 0 0 
Water 15.6 16.0 42.3 0 0 0 0 0 
Ethyl Acetate 15.8 5.3 7.2 0 
2-Propanol 15.8 6.1 16.4 0 
Table 3.3 
Parameters Cere not Terethane Cere not Terethane 100% 
( I ,000 ~/mol) ( I ,000 ~mol) (2,000 ~mol) (2,000 ~/mol) Hard Block 
od (dispersion forces) 12.3680 12.3680 15.8000 15.8000 21.0725 
00 (dipole-dipole) 4.4438 4.4438 4.63 11 4.63 11 9.4420 
1>11 (h-bonding) 11.8027 11 .8027 11 .9755 11 .9755 12.09 11 
Overall 16.2398 16.2398 12.9558 12.9558 9. 113 1 
TPU Synthesis 
Three wet chemistry formulations were developed in order to synthesize six 
TPUs, three of each type of polyol. The formulations (Table 3.4) were selected to cover a 
broad range of TPU properties, from high modulus to a highly elastomeric material. 
These changes can be detected in the shore hardness results in Table 3.5. The target 
values for shore hardness were 70A, 85A & SOD. Actual hardness values for the TPUs 
were lower than targeted in almost all cases. This can be attributed to the molecular 
weight of the polyols being higher than the reported values of 1,000 and 2,000 g/mol. 
Formulations were based on these weights, which were proven to be lower than the actual 
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molecular weight by GPC. This would yield a higher than expected soft block ratio, 
leading to a softer materi al. 
Table 3.4 
TPU MDI (g) BD (g) Cerenol (g, mw) Terethane (g, mw) DBTDL (PPM) 
C-70A 10.547 1.748 40 (2,000) X 300 
C-SSA 20. 11 3 3.496 40 ( I ,000) X 300 
C-SOD 23.73 1 6.125 25 ( I ,000) X 300 
T-70A 10.547 1.748 X 40 (2,000) 300 
T-85A 20.11 3 3.496 X 40 ( 1,000) 300 
T-SOD 23.73 1 6. 125 X 25 ( I ,000) 300 
Table 3.5 
Pol~ol (mw) % HB Ratio Shore Hardness 
Terethane (1,000) 37.1 1.02 80.5A 
Cerenol (1,000) 37. 1 1.02 72A 
Cerenol (1,000) 54.4 1.02 45 0 
Teretha ne (1,000) 54.4 1.02 36.50 
Cerenol(2,000) 22.8 1.02 68.5A 
Teretha ne (2,000) 22.8 1.02 67A 
Mechanical Testing 
Results from tensile tests are depicted in Figure 3.22 and numerically listed in 
Table 3.6. Tensile specimens were stamped from compression molded TPU sheets. Key 
properties of interest are the stress and strain at failure, or ultimate stress/strain. The 3 
different formulations were compared separately to identify any trends in mechanical 
performance of Cerenol vs. PTMEG. In the 70A hardness fo rmulations the Cerenol 
formulation has a higher ultimate elongation, but lower UTS (Specimen slipped from grip 
due to the high elongation. Values are reported from the point of slippage). Examining 
the curve in Figure 3.22 (left), it is apparent that the PTMEG based material displays 
higher rigidity pre-yield and post-yield. 
As the hardness of the TPUs was increased, the Cerenol based TPUs showed both 
an increased ultimate elongation and UTS. These TPUs were synthesized with the I ,000 
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g/mol polyols to generate lower soft block content. Figures 3.22 (center and right) show 
the stress-strain curves for the 8SA and SOD formulations. As the TPU hardness 
increases, the films behave similarly with the exception of failure occurring at a higher 
strain for the Cerenol based TPUs. This increased strain capability can be attributed to 
the increased amount of ether linkages within the soft block segment. The separation of 
oxygen atoms in the backbone by only 3 carbons vs. 4 creates a more flexible chain as 
carbon-oxygen bonds are not as rigid as carbon-carbon bonds. 
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Figure 3.22. Tensile stress strain curves comparing PTMEG vs. Cerenol TPU at 70A 
(left), 8SA (center) and SOD (right) hardness. 
Table 3.6 
Sample Stress at 50% Stress at 100% Stress at 300% UTS Ultimate Elongation 
(MPa) (MPa) (MPa) (MPa) ( % ) 
C70A 0.85 1.181 2.186 10.70 1* 13 19.8* 
T70A 1.2 1.638 2.952 12.196* 1084.4* 
CSSA 2.482 3.487 7.104 19.277 824.9 
TSSA 2.435 3. 161 5.735 12.861 768.9 
CSOD 8.53 10.283 18. 177 42.678 634.6 
TSOD 8.465 10.461 20. 171 33.921 515.5 
*value reported at slippage from grips, not from failure of material 
Dynamic Mechanical Analysis 
DMA was used to look at modulus temperature relationships for TPU films. 
Table 3.7 shows low temperature modulus values for the C-8SA and T-8SA TPU films. 
The C-8SA exhibited a higher modulus at -70 oc than the T-8SA TPU seen Figure 3.23 
Once the materials go through their glass transition temperature (tan delta peak) this trend 
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is flipped and the T-85A TPU shows a higher rubbery modulus, which is in agreement 
with the room temperature MTS tensile test on these materials. 
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Figure 3.23. DMA showing log storage modulus of 85A hardness Cerenol 
(C85A) and PTMEG (T85A) samples 
Table 3.7 
Sample -70°C E' Tg 
(MPa) ceq 
C-85A 4049 -23.89 
T-85A 3 170 -25.12 
C-SOC 12 144 -30.23 
T-SOD 4503 -24.24 
The DMA comparison (Table 3.7) shows that the C-SOD sample not only has a 
higher low temperature modulus (12,144 MPa to 4,503 MPa) than T-SOD but also 
exhibits a higher rubbery modulus seen if Figure 3.24. The Tan 8 peaks in Figure 3.25 
show that the T -SOD materi al has a more distinct peak than the C-50D, which also has a 
higher temperature shoulder. This indicates that the T -SOD TPU has a narrower glass 
transition temperature. The high temperature shoulder on the Cerenol based TPU 
indicates a broader glass transition temperature which is typical of a TPU that possesses a 
high hard-block content. The two transitions are characteristic of amorphous and 
crystalline regions within the TPU and combine to create the broad tan delta peak. The 
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low HB samples have narrow well defined tan delta peaks because of their homogeneity 
due to a lack of crystalline regions. 
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Figure 3.24. DMA showing log storage modulus of SOD hardness Cerenol 
(CSOD) and PTMEG (TSOD) samples. 
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Figure 3.25. DMA showing tan delta of SOD hardness Cerenol (CSOD) and 
PTMEG (TSOD) sam ples. 
Figure 3.26 compares all three Cerenol based TPUs, showing an increase in the 
glassy modulus with increasing hard-block content. This is expected as the TPU derives 
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its strength, abrasion and scratch resistance from the hard block of the materiaL Figure 
3.27 shows a broadening of the tan delta peak with an increase with HB, which is due to 
an increase in TPU crystallinity as discussed above. This broadening due to semi-
crystalline domains also explains the lack of a clear transition from glassy to rubbery 
modulus. 17 
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Figure 3.26. DMA comparing log storage modulus Cerenol containing TPU 
samples. 
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Figure 3.27. DMA comparing tan delta of Cerenol containing TPU samples. 
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Gel Permeation Chromatography 
GPC was conducted on aJJ TPU samples in order to investigate molecular weight 
differences between Cerenol and PTMEG based TPUs. Elution curves can be seen in 
Figure 3.28. Table 3.8 shows number average molecular weights for the TPUs. All 
Cerenol based TPUs (C-70A, C-85A &C-50D) have a molecular weight between 30,000 
to 34,000 g/mol, which is almost double the molecular weight of the PTMEG based 
TPUs. 
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Figure 3.28. GPC traces for aJJ six TPU formulations. 
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Table 3.8 
dn/dc 
0. 10 1 
0.078 
0. 10 1 
0.099 
0. 124 
0. 120 
Mn 
(g/mol) 
13,350 
30, 100 
14 , 180 
3 1,380 
19,850 
33,5 10 
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GPC data shows an increase in the dnldc values as the HB of the TPU increases. 
The dn/dc values of the TPUs are significantly higher than that of pure polyols. The 
polydispersity index (PDI) of a TPU in an ideal step growth polymerization should be 2. 
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Table 3.8 shows the PTMEG TPU samples exhibiting more ideal behavior as its PDI is 
closer to 2 than that of Cerenol based materials. 
TGA 
Thermogravometric Analysis (TGA) was used to identify thermal degradation 
temperatures of each material. Figure 3.29 shows equivalent degradation temperatures 
for each material. This shows the thermal degradation temperature of each material is 
independent of HB content, polyol molecular weight or the polyol repeat unit (3 vs. 4-
carbon ether repeat unit). It is interesting to see that the C-70A and C-85A TPUs show 
much lower residual mass than there T -70A and T -85A counterparts; this supports the 
idea that as the oxygen content of a material increases so does the weight loss of the 
material through thermal degradation.18 The C-50D as well as the T-50D samples show a 
much higher % weight of char remaining which can be explained by the fact that these 
materials are going from an amorphous soft block continuous phase to a continuous 
phase that is now a crystalline hard block and the fact that the HB is not as easily 
thermally degraded. 
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Figure 3.29. TGA comparing degradation temperatures of all TPU formulations. 
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DSC 
Figures 3.30 and 3.3 1 shows only the SOD formulations of both PTMEG and 
Cerenol exhibit crystallization in the cooling cycle due to the high crystaJJinity and phase 
separation behavior observed in only these high HB content materi als. This helps 
iJJustrate that fact that the materials are going from an amorphous continuous phase to a 
highly crystalline HB continuous phase. The 2nd heating cycle shows the glass transition 
temperature, which is found by the change in slope, is much broader in the higher HB 
containing TPUs which is in agreement with the tan delta peaks from the DMA study. 
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Figure 3.30. DSC comparing T g and melting point of all TPU fo rmulations. 
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Figure 3.31. DSC comparing crystallization of all TPU formulations. 
Conclusion 
The data presented above strongly supports the ability of the renewable source 
Cerenol to be used as a drop in replacement for petroleum based polyols in linear 
thermoplastic polyurethane chemjstry. No significant differences were observed or 
measured between solubility, or reaction kinetics between the two polyol ethers. 
Mechanical properties going from the polytetramethylene ether glycol to the 
polytrimethylene ether glycol soft blocks were comparable. 
CHAPTER IV 
DEVELOPMENT OF SUSTAINABLE THERMOPLASTIC COMPOSITES FOR 
INJECTION MOLDING NEWLY DESIGNED M-18 SMOKE GRENADES 
Objective 
M-18 Smoke Grenade casings use non-biodegradable metallic materials for 
internal and external assembly. In combat areas, spent and dud munitions left in 
battlefields result in a number of problems including leaching of lead and toxic 
impurities. Also, unexploded ordinance is currently a principal ingredient for the 
Improvised Explosive Devices (lED's) used against our war fighters. 
53 
The aim of this research is to investigate the use of renewable source, 
biodegradable materials as viable replacements for the metal M-18 Smoke Grenade. The 
material chosen for this study was Poly lactic acid (PLA) which is commercially 
available through NatureWorks. PLA is made from 1,3 propanediol which is extracted 
from corn feeds. The PLA was reinforced with glass fiber in an effort to increase the 
thermo-mechanical properties to a level that would be comparable with the original metal 
canisters. 
The PLA was melted blended with 1132" milled glass fiber in a twin screw 
extruder (TSE). Five loading levels of glass fiber were chosen; 0, 10, 20, 30 & 40%. A 
range of thermo-mechanical tests were used to evaluate the material at each glass fiber 
loading level. 
With the material change from metal to the renewable source composite PLA a 
change in design was needed. Pro-E was used for the redesign where 25 new conceptions 
were completed to the specific development standards and design specifications. Of 
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these, six different designs were forwarded to Desk Top Modeling Selective Laser 
Sintering (DTM-SLS) for rapid prototyping before the final product designs were agreed 
upon by ARDEC. The final two-piece (top and canister) construction incorporated a 
0.050" nominal wall thickness with internal ribs added for stiffness. The top included 
molded in integral threads for trigger assembly and molded-in stress concentrators for 
spin-welding the top and canister during final part assembly. 
The injection molding tooling developed for this project reproduced the final 
design specifications outlined by Figure 4. 1. Injection molding tools (Figure 4.2) were 
developed for the body and lid respectively. The molds were machined from aluminum 
which is conventional for prototype tooling and designed to run within a Cincinnati 
Milacron 80 Ton Injection Molding Press. 
Figure 4.1. Final part design for biodegradable M-18 smoke grenade canister. 
Figure 4.2. Biodegradable M-18 Smoke Grenade Canister Injection Molding Tooling, 
with two separate tools one for each the canister and the lid. 
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Twenty canisters and lids of each Nature Works PLA 0%, 10%, 20%, 30% and 
40% sustainable and biodegradable M-18 Smoke Grenade canisters were assembled for 
ARDEC evaluation in burn and ignition testing, accelerated aging and environmental 
degradation data, final prototype optimization and product safety & environmental health 
hazard analysis. 
Results and Discussion 
Thermogravometric Analysis 
After compounding the Nature Works PLA and glass fiber, TGA was ran on the 
composite materials to investigate any changes to the onset of thermal degradation caused 
by the presence of glass. Figure 4.3 shows that the degradation temperature was not 
affected by the addition of glass as all materials show an initial degradation at 300 oc. 
Since the neat PLA material had complete degradation, indicated by the 0% weight at the 
end of the run, it can be shown that any % weight char left at the end of the thermal 
degradation is directly correlated to the % weight of glass fiber in the composite sample. 
This gives a secondary way of confirming glass fiber distribution from one injection 
molded sample to the next and comparison from one melt blending run to the next. 
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Figure 4.3. The onset of thermal degradation was taken at 0.02% weight loss. There is no 
indication that the addition of glass fiber affects the PLA thermal degradation 
temperature. 
Differential Scanning Calorimetry 
DSC was used to compare the glass transition temperature of the virgin 
Nature Works PLA and glass composites. Figure 4.4 show the addition of the glass fiber 
has no effect on the Tg of the materiaL All composite materials show the same 2nd order 
transition slope change in the cooling cycle which is characteristic of the glass transition 
temperature. 
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Figure 4.4. DSC of the 2 nd cooling cycle of all PLA glass loading levels 
Mechanical Testing 
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Tensile Test. Tensile test run on the composite Nature Works PLA material shows 
an increase in Tensile Modulus as the overall weight percent of glass fiber increases from 
28 16 MPa at 0% to 4702 at 30% (Table 4.1 ). This shows there is a transfer of load from 
the PLA to the glass fiber, but there is also a steady decline in the peak stress and % 
strain as glass fiber levels increase (Figure 4.5). 19 The decline in strain at yield can be 
attributed to poor interface between the glass fiber and the PLA resulting in glass fiber 
strands "pulling out" instead of failing. Longer glass fibers with more surface area or 
sized fibers may aid in correcting thi s issue. 20 
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Table 4.1 
Modulus (MPa) 
28 16.5 
3285.6 
4 158.8 
4702.2 
Tensile 
4 
%Strain 
Peak Load 
(lbt) 
489.64 
453.26 
461.24 
440.65 
6 
Figure 4.5. Stress strain curves glass modified PLA samples. 
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Flexural Test. In addition to the tensile test, a three point bend was performed 
on all PLA samples to determine fl exural modulus and flexural strength . The fl ex test 
closely followed the trends of the tensile pulls in that the neat PLA samples failed at the 
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highest percent strain and as the weight % of glass fiber was increased the modulus of the 
composite increased with little change in the peak stress (Figure 4.6). The PLA 20% 
composite has a peak stress as high as the PLA 0% while showing a modulus comparable 
to the PLA 30% (Table 4.2). The same can be said for the tensile test in that the PLA 
20% has the higher peak stress compared to any other composite materi al while 
maintaining a modulus similar to the highest loading level of glass fiber (Figure 4 .5). 
This could be an indication that 20% glass fiber reinforced PLA is closest to the 
PLNglass fiber ratio which will maximize properties. 
10 0 Flexural 
- PL/\ 0 % 
- PL/\ 10% 
- PL/\20% 
- PL/\30% 
0 
0 2 4 6 
% Stra in 
Figure 4.6. Three point bend test of glass modified PLA samples. 
Table 4.2: 
Materia l Modulus UFS Strain at Break 
(MPa) (MPa) (%) 
PLAO% 3455.7 88. 13 4.77 
PLA 10% 4255.5 85.93 4.01 
PLA 20% 570 1.6 88.56 3.00 
PLA 30% 663 1.2 83.68 2.29 
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Water Uptake 
Water uptake curves were obtained of the Nature Works PLA neat matedaJ and 
compounded with glass fiber to show that water uptake does not occur with this material. 
The highly crystaJline nature of the PLA reduces the free volume of the sample retarding 
the transfer of moisture through the sample. The water absorption studies are aJso 
conducted below the glass transition temperature of the material (50°C) which reduces 
molecular motions and slows down absorption rates. Figure 4.7 suggests that as the % 
weight of glass fiber increases the rate of water uptake increases. This supports the idea 
of poor glass fiber and polymer interface, aJlowing for the solution to wick up the glass 
fiber. 
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Figure 4.7. Water uptake of PLA at varying glass fiber levels. Individual disks 
submerged in 0.05 M Phosphate buffer solution were removed and dried at 
predetermined times. 
One of the main reasons that Nature Works is a viable candidate for replacement 
of metal smoke grenades is that while it is renewable and biodegradable it is aJso resistant 
to hydrolysis from moisture in the air which will greatly extend the M- 18 shelf life. Any 
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hydrolysable material would have to be equipped with an external packaging that will 
shield the material from the environment. 
Dynamic Mechanical Analysis. 
DMA was used to measure the sub-ambient mechanical properties of the 
composite materials as scans were conducted from -80°C to 200°C. Figure 4.8 shows a 
gradual increase in the cold temperature modulus from PLA-0% up to PLA-40% which is 
due to the increasing glass fiber amounts. The glassy storage modulus remains constant 
in all samples until the materi al reaches its glass transition temperature at around 50°C at 
which point it drops off. A significant difference is observed in the rubbery modulus 
between the 5 samples where the rubbery modulus is increased with increasing amounts 
of glass fiber (Table 4.4). Failure is observed in the rubbery region with the highest glass 
fiber percentage failing at a noticeably higher temperature than the neat PLA material 
(PLA-40% fails at 145°C while the PLA-0% fails at 129°C). This is likely due to the 
glass fibers adhering to the flowing PLA material and aiding in holding the composite 
together at elevated temperatures. 
Storage Modulus 
1000 
100 
10 - OM A_PlA 
- OM A_PlA·JOq, 
- OMA_f'lA·20"1> 
0 1 -01\tA_PlA·~~ 
0 01 
- OMA_PlA-40'\, 
0001 
-1 50 ·100 · 50 0 50 100 1 50 200 
Temperature [•q 
Figure 4.8. Tensile mode Storage Modulus (E') of composite PLA shows an increase in 
glassy and rubbery modulus with increased levels of glass fiber. 
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Table 4.3 
Material Modulus @ -80°C Modulus @ 90°C Temperature at failure 
(MPa) (MPa) (OC) 
PLA-0% 4703 3. 13 129°C 
PLA-10% 5176 14.9 1 130°C 
PLA-20% 5309 18.76 140°C 
PLA-30% 6850 26.32 136°C 
PLA-40% 7947 14.80 145°C 
Injection Molding of M-18 Grenades 
The injection molded M-18 canister and lids (Figure 4.9) showed a large weight 
reduction compared to the original metal grenades observed in table 4.4, this loss goes 
from 34.7 grams with the PLA 0% materials to 17.2 grams with the PLA 40% samples. 
The increase in the amount of glass fiber in the composite material reduces the overall 
weight loss because of the high density of the glass fiber compared to the neat PLA. It 
also can be shown that the renewable source, biodegradable PLA is a cheaper alternative 
to the metal canisters. 
Figure 4.9. Injection molded PLA composite M-18 canisters. The PLA-0% glass (left), 
PLA-30% glass (right). 
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Table 4.4 
0% 10% 20% 30% 40% 
Top Weight 25.5 g 26.9 g 28.4 g 30. 1 g 3 1.7 g 
Canister Wt. 42.4 g 45 .0 g 48.0 g 49.9 g 53 .7 g 
Assembled Wt. 67.9 g 7 1.9 g 76.4 g 80 g 85.4 g 
#of Parts 25 20 24 30 23 
Metal Canister 102.6 g 
Wt. Difference 34.7 g 30.7 g 26.2 g 22.6 g 17.2 g 
Future Works 
All injection molded M-18 canisters and lids have been shipped to Ardec 
Picatinny and are in field testing at thi s time. This testing includes packaging of ignitable 
smoke grenade pouches into the canisters, spin welding tops to the canisters and 
performing actual burn test of the fully packaged renewable source, biodegradable M-18 
smoke. 
Conclusion: 
A smoke grenade canister replacement was successfully injection molded with a 
renewable source biodegradable thermoplastic material reinforced with glass fiber. 
Tensile and flexural strength were increased to acceptable levels though the addition of 
glass to the PLA. Water uptake and degradation studies showed the selected PLA 
materi al will have a long shelf life if incorporated into M-18 smoke grenades because the 
material will not degrade through hydrolysis alone . It has also been shown that if the 
PLA composite materials were to replace the metal M-18 canisters, it would reduce 
weight of canisters by 16% (Metal to PLA-40% ). This change could also lead to a 
decrease in cost on a per canister basis. From the DMA study it is apparent that the one-
time use PLA composite canisters would lose its shape and all physical properties once 
the smoke grenade burning is complete. This would eliminate any chances of the 
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canisters being picked up on a battlefield and re-used as an IED. The actual field test of 
these canisters are being conducted at Ardec Picatinny in the near future and the outcome 
of these tests will be the ultimate deciding factor on if the PLA composites will be a drop 
in replacement of the metal M-18 canisters. 
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